• Spontaneous recurrent seizures occur in patients with AD and mouse models of the disease, especially the familial forms.
• There are similarities between patients with AD and those with temporal lobe epilepsy (TLE), and between animal models of AD and TLE, but there are also differences.
• Almost all peptides and proteases involved in Ab synthesis influence excitability and do so by diverse mechanisms.
• One mechanism for seizures in AD, based on experiments in mouse models, is a reduction in Nav1.1 sodium channel expression in fast-spiking GABAergic interneurons, which is interesting because mutations in the gene for Nav1.1, SCN1A, are responsible for two epilepsy syndromes-generalized epilepsy with febrile seizures plus (GEFS+) and severe myoclonic epilepsy of infancy (SMEI).
• Tau plays a critical role in excitability and interacts with Ab. Reducing tau can decrease seizures in transgenic mice with high levels of Ab. Tau reduction also decreases the effects of convulsants in normal mice. Therefore, tau may be a therapeutic target for epilepsy.
Coming of Age: Seizures in AD
In 2007, a landmark article was published about transgenic mice that simulated familial AD. This article surprised the AD research community because it showed that epileptiform discharges and spontaneous recurrent seizures occur in some of the most commonly used mouse models of AD (i.e., the mice had bona fide epilepsy) (1) . Notably, seizures were robust: electrographic seizure activity was recorded at many sites in the brain simultaneously. However, electrographic seizures were not associated with convulsive behavior. As a result, it seemed likely that many investigators in AD research were unaware that their experimental animals were experiencing intermittent periods of generalized nonconvulsive seizures (2-4). The implications were potentially important: patients with AD might also have epileptiform discharges or nonconvulsive seizures, and not know.
Although it has been known for some time that seizures occur in some patients with AD (5, 6) , and early studies in mouse models of AD had described spontaneous behavioral seizures (7, 8) or decreased seizure threshold (9, 10) , there has been a reluctance to accept the idea that seizures are an integral part of AD. The reluctance is probably a result of several factors, such as the clinical definition of AD, which is based on characteristics that differ from epilepsy, rather than emphasizing the characteristics that are shared. The definition of AD emphasizes the neuropathology that was originally used to characterize AD-amyloid-b (Ab) plaques and neurofibrillary tangles. Notably, plaques do occur in patients with epilepsy; they are more numerous in patients with epilepsy relative to age-matched controls, but they are not as prevalent and do not reach the most severe stages on the standard rating scale, called the Braak scale (11) .
The experiments of Palop and colleagues (1) have had a significant impact, which may be related to the fortuitous timing of the published findings. At about the same time as the publication, other investigators studying rodents with epilepsy showed that brief episodes of epileptiform activity or There is a substantial body of evidence that spontaneous recurrent seizures occur in a subset of patients with Alzheimer disease (AD), especially the familial forms that have an early onset. In transgenic mice that simulate these genetic forms of AD, seizures or reduced seizure threshold have also been reported. Mechanisms underlying the seizures or reduced seizure threshold in these mice are not yet clear and are likely to be complex, because the synthesis of amyloid b (Ab) involves many peptides and proteases that influence excitability. Based on transgenic mouse models of AD where Ab and its precursor are elevated, it has been suggested that seizures are caused by the downregulation of the Nav1.1 sodium channel in a subset of GABAergic interneurons, leading to a reduction in GABAergic inhibition. Another mechanism of hyperexcitability appears to involve tau, because deletion of tau reduces seizures in some of the same transgenic mouse models of AD. Therefore, altered excitability may be as much a characteristic of AD as plaques and tangles-especially for the familial forms of AD.
interictal spikes impair fundamental neurobiological phenomena associated with memory formation and consolidation (12, 13) . These studies and others provided support for the idea that even brief episodes of epileptiform activity (e.g., interictal spikes) can impair memory.
Notably, additional studies in mouse models of AD have now shown that seizures can be convulsive and severe, reaching stage 5 on the Racine scale (14) . These findings are consistent with the observations that familial forms of AD are often associated with convulsive behavior.
On the other hand, there is still reticence to accept the idea that seizures are a characteristic of AD, because many people with AD do not have seizures, and mouse models of AD mostly simulate familial AD. The more common type of AD is sporadic. Regrettably, there are few animal models of sporadic AD. However, clinical data suggest that patients who have sporadic AD have convulsive seizures, although seizures may only occur in a fraction of patients (5, 6, 15) . Other patients with sporadic AD appear to have increased excitability (inferred from neuroimaging) (16, 17) . Notably, the abnormal excitability can be reduced with anticonvulsants (17) . Therefore, hyperexcitability, defined for the present purposes as an abnormally high level of synchronous action potential discharge, typically in a subset of interconnected principal cells located in cortical or limbic regions, seems increasingly relevant to AD. The reader is referred to the accompanying article for a review on clinical science aspects of epilepsy and Alzheimer's Disease.
Of Mice and Men: Pathology in Mouse Models of AD Suggest Similarities to TLE
Palop and colleagues (1) used animal models of familial AD that have been studied by many laboratories interested in mechanisms underlying AD. These transgenic mice overexpress a mutated form of human amyloid precursor protein (APP), the precursor to Ab. The mutations in APP are relevant to AD because they are found in families with AD. Expression in mouse models is usually driven by a relatively widespread promoter (e.g., platelet-derived growth factor b). The APP mutations cause increased metabolism of APP along the so-called amyloidogenic pathway of APP metabolism, which leads to increased production of Ab (Figure 1) . The other route of APP metabolism, the nonamyloidogenic pathway, does not result in Ab production ( Figure 1) . By approximately 6 to 12 months of age (early adulthood to middle age in a mouse), Ab plaque is present in many areas of the mice that overexpress mutated APP.
Because of the similarity of the seizures in these "APP mice" to complex partial seizures, which is a common type of seizure in AD patients (4), the hippocampus was examined further, and the mice have been discussed in the context of TLE. The comparison with TLE and the investigation of the hippocampus were logical because TLE is considered to be the type of epilepsy that involves memory centers, and the hippocampus is perhaps the best studied. However, AD and TLE should be compared cautiously, because there are many differences when one "scratches the surface." For example, the type of memory impairment in AD is not necessarily comparable to deficits in TLE (18) . The neurons that are most vulnerable in AD and TLE are located in similar areas (e.g., entorhinal cortex, hippocampus) but are not identical. For example, the neurons in the entorhinal cortex that are most vulnerable in AD are the layer II stellate cells, and in TLE the neurons that are most vulnerable are layer III pyramidal cells (19, 20) ; for review, see Scharfman and Chao (21) .
When the hippocampus of mice with APP overexpression/ mutation (e.g., J9, J20 mouse lines, termed collectively "APP mice" below) were studied by Palop and colleagues (1), they found several characteristics that have been observed in the so-called status epilepticus (SE) models of TLE. In the SE models, recurrent spontaneous convulsive seizures are induced by an initial period of SE in adult life. Some of the characteristics of the APP mice were ectopic expression of neuropeptide Y (NPY) in the mossy fiber axons of dentate gyrus granule cells (DGCs) (1), which is a characteristic of SE models (22) . In addition, there was a loss of calbindin D28K in DGCs in the APP mice, which was also evident in patients with AD (23) and has been reported in patients with TLE and SE models of TLE (24); for review, see Scharfman (25) . Notably, mossy fiber expression of NPY and decreased expression of calbindin in granule cells has been found in other APP mouse models (26) and in mice with both APP and additional mutations (14) .
What Palop and colleagues (1) did not find was just as interesting as what they did. For example, there was little evidence of widespread neuronal loss. Others have found cell loss in APP mouse models of AD pathology (27) or mice with multiple mutations (28) . However, the degree of neuronal damage in mouse models of AD is limited, in general, and is typically less than in patients at the end stage of AD, after progressive hippocampal and entorhinal neurodegeneration. This is an interesting point because a range of neuronal loss also occurs in patients with TLE, despite the fact that hippocampal sclerosis is often considered to define TLE. In TLE animal models (e.g., kindling, febrile seizures, neonatal hypoxia, adult SE), there also appears to be a range of cell loss, and progressive neurodegeneration has been suggested both in animals and patients but is subject to debate (29, 30) .
APP mice also lack a common hallmark of TLE, a reorganization of the DGC axons called mossy fiber sprouting. However, some patients with TLE and some animal models of TLE do not exhibit extensive sprouting, and it is not necessarily a cause of seizures (31, 32) . Furthermore, sprouting is often robust at temporal regions of the hippocampus (33) , which seem to be evaluated rarely in APP mice. Therefore, the lack of mossy fiber sprouting in mouse models of AD needs to be interpreted with caution.
Pass the Salt: Mechanisms of Seizures in Mouse Models of AD May Involve Sodium Channels
Many basic questions are raised by the studies of seizures in patients with AD and in mouse models of AD. Do seizures contribute to the progressive pathology and memory impairment in AD? A very interesting study suggests that this might be the case. Seizure activity in animals, induced by stimulating the perforant path input to the dentate gyrus, led to increased levels of Ab, detected extracellularly (34) . Based on this study and others, it has been suggested that the seizures in AD could initiate a "vicious cycle" (4). For example, if a seizure increased Ab levels, the increase in Ab might increase excitability further, leading to more seizures. Therefore, the emergence of seizures may be a critical point in the progression of AD. After seizures begin, there may be an increased rate of plaque deposition and a more severe phase of the disease. Although there is little direct evidence for this idea in AD patients, it has been reported that seizures begin at about the time of plaque deposition, at least in some of the mouse models of AD (14) .
Perhaps the most important question-still a question of considerable debate-is the mechanism of seizure generation in AD. One might predict that the mechanism would involve the increased production of Ab and the subsequent deposition of plaque. Indeed, some data support the idea that Ab causes an increase in excitatory synaptic transmission, at least at low concentrations (35) . Higher concentrations of Aβ decrease glutamatergic transmission however (33, 35, 36) . Therefore, an initial increase in excitability might occur early in AD when Ab levels are just above normal, but it is harder to understand how high levels of Ab would lead to seizures. It is important to interpret studies of exogenous application of Ab with caution, however, because the results could be very different from the effects of endogenous Ab. It may be more relevant to study the changes in excitability that occur as soluble Ab initially accumulates and then plaques form. One study that has examined excitability related to endogenous FIGURE 1. Amyloid precursor protein metabolism produces several peptides that influence excitability. A. A diagram of APP processing is shown. Amyloid b is composed of a peptide fragment called P3 (shaded rectangle) and another fragment (black). The peptide products and associated enzymes (a, b, g secretases) that lower seizure threshold or appear to induce seizures in transgenic mice or are mutated in a familial form of AD with convulsive seizures are underlined. Peptides that are likely to influence epileptogenesis because of diverse roles in proliferation and outgrowth are also underlined. B. A diagram of non-amyloidogenic and amyloidogenic routes of APP metabolism is shown. For the non-amyloidogenic pathway. a secretase cleavage occurs first, followed by g secretase. For the amyloidogenic route, b secretase cleavage is followed by g secretase cleavage, leading to Ab. CTF, C terminal fragment; sAPP, soluble APP; BACE, b-site APP cleavage enzyme, ADAM, a disintegrin and metalloprotease, TACE, tumor necrosis factor a cleavage enzyme; Aph1, anterior pharynx defective; Pen, presenilin enhancer. plaques found that excitability was increased in the areas of cortex adjacent to plaques relative to areas further away (37, 38) . However, more research is needed before it can be concluded that Ab plaque is responsible for seizures.
One reason to suggest that more research is needed is that the mouse models of AD have other abnormalities besides elevated Ab that could alter excitability. APP itself has numerous actions, and the peptides that are by-products of Ab production also influence excitability (Figure 1) . The APP intracellular domain (AICD), a result of Ab production (Figure 1) is a good example. Animals with AICD overexpression have spontaneous seizures (39) , and aged mice with AICD overexpression have ectopic NPY expression in mossy fibers, and mossy fiber sprouting (40) . Therefore AICD may have robust proconvulsant effects in mice. The secretases that are responsible for APP proteolysis also influence seizures (41; Figure 1) .
The effects of APP and its metabolites are complicated because they are not unidirectional-more of a peptide may lead to greater excitability, but deletion can have similar effects. For example, deleting APP or b-secretase (BACE, a critical step in Ab synthesis; Figure 1 ) might seem like a potential therapeutic strategy, but spontaneous seizures or decreased seizure threshold occurs after deletion of APP or BACE1 (9, 42, 43) . The results of these studies suggest that there is a delicate balance in the amount of APP and APP metabolism in the normal brain.
Although there is a long list of potential targets of APP and APP-derived peptides, one that has received a great deal of attention recently is the sodium channel Nav1.1. Nav1.1 is interesting in this context, because mutations cause two pediatric epilepsy syndromes: generalized epilepsy with febrile seizures plus (GEFS+), where there are mutations in the gene for Nav1.1, SCN1A, and severe myoclonic epilepsy of infancy (SMEI or Dravet syndrome), where there is a more severe lossof-function of SCN1A (44) .
The idea that Nav1.1 plays a role in the seizures in mouse models of AD has emerged from studies of BACE1 and APP mice. One study showed that BACE1 regulates sodium channel surface expression, causing a downregulation of surface expression (45) . Another study found that APP mice had a deficit in Nav1.1 expression primarily in a subset of fast-spiking GABAergic interneurons that express parvalbumin (46) . Wholecell recordings from the interneurons showed that there were defects in action potential firing (46) , similar to studies of mice with SCN1A mutations (44) . In both the APP and SCN1A mice, seizures can potentially be explained by disinhibition of principal cells, innervated by interneurons that do not release adequate GABA. It has also been suggested that impairments in cognitive function, which occurs in both the APP mice and SMEI, can also be explained by a loss of function in critical fastspiking interneurons (47) .
Another similarity between APP mice, GEFS+, and SMEI is that antiepileptic drugs that block sodium channels make seizures worse rather than better. A potential explanation for this paradox is that sodium channels on interneurons are decreased in APP mice. Therefore, a sodium channel antagonist exacerbates the defect (46, 48, 49) . Remarkably, correcting the Nav1.1 defect in the interneurons of APP mice reduced the seizures and the memory impairments (46) . This study was a tour de force, but some questions still remain, because the studies of BACE1, which suggest that it regulates sodium channel expression, show that the decrease in sodium channel expression occurs in principal cells rather than interneurons (45) . Furthermore, additional studies of sodium channel-blocking AEDs in other mouse models of AD show that phenytoin reduces seizures (50) . However, it may be that these seemingly contrasting results are all correct when it comes to the patient with AD. In other words, these studies can potentially explain the heterogeneity of symptoms in AD: when interneurons are primarily affected, seizures result; when principal cells are also affected, seizures may be rare or even absent, and cognitive impairment occurs in isolation.
Although most of the studies of excitability have used mice with disturbed APP expression and metabolism, tau is important to mention because it appears to play a critical role in Ab-driven pathology (51) (52) (53) . Normally, tau is an important component of the cytoskeleton and subject to phosphorylation by diverse kinases. In AD, tau becomes hyperphosphorylated and forms neurofibrillary tangles. Although APP mice do not develop tangles, transgenic manipulation of tau in APP mice has shown that it is associated with seizures in the mice. Using APP mice crossed with another mouse line with deletion of tau, seizures were reduced and memory was improved (24) . Therefore, tau appears to be critical for seizures in APP mice, although the mechanisms are not clear. Several possibilities exist, such as interactions with Fyn, a kinase that phosphorylates tau (26) . Remarkably, tau exerts an anticonvulsant effect even in wild type mice (26) .
Conclusions: Multiple Mechanisms, Multiple Targets?
There is increasing evidence that mechanisms of AD and epilepsy overlap. Acknowledging that AD and epilepsy are related is beneficial to both fields, because potential therapeutic advances in one may help translational efforts in the other. However, there also is a challenge-the complexities of the clinical disorders and the limitations of mouse models need to be carefully considered. Nevertheless, this is a time of opportunity. For example, the remarkable anticonvulsant effects of tau suggest that it could be a new target for AED development. There are likely to be many ways to help patients with AD through epilepsy research and vice versa, as difficult as it may be to "untangle" AD and epilepsy.
